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A SIMULATOR STUDY OF AIRSPACE REQUIREMENTS 

FOR THE SUPERSONIC TRANSPORT 

By Richard H.  Sawyer 

SUMMARY 

An inves t iga t ion  w a s  conducted t o  study t h e  hor izonta l  a i r space  requirements 
f o r  t he  supersonic t r a n s p o r t  during changes i n  heading a t  a VORTAC s t a t i o n .  The 
v e r t i c a l  deviat ions from cru is ing  a l t i t u d e  during turning f l i g h t  were a l s o  s tudied.  
The inves t iga t ion  w a s  made with use of a fixed-base simulator programed t o  repre-  
sen t  a delta-wing supersonic t ranspor t  having a canard cont ro l .  
cont ro l  w a s  used t o  e f f e c t  changes i n  heading up t o  4 5 O  f o r  bank angles of l?', 
30°, and 4 5 O .  
67,000 f e e t .  
from t h e  f l i g h t  path and of t h e  primary cont ro l  def lec t ions .  

Manual f l i g h t  

The t e s t s  were conducted a t  a Mach number of 3.0 a t  an a l t i t u d e  of 
Measurements were made of t he  hor izonta l  and v e r t i c a l  displacements 

The r e s u l t s  of t h e  inves t iga t ion  ind ica ted  t h a t  t h e  hor izonta l  a i r space  u t i -  
l i z e d  depends g r e a t l y  on the  type of t u r n  employed. With the  conventional method 
of i n i t i a t i n g  t h e  t u r n  a f t e r  passing through t h e  zone of ambiguity over t h e  VORTAC 
s t a t i o n ,  heading changes of 4 5 O  required bank angles of 43' or g r e a t e r  (considered 
excessive f o r  c o m e r c i a l  t ranspor t  operat ions)  t o  keep the  f l i g h t  path within one- 
ha l f  of t he  present  h igh-a l t i tude  airway width of 26 n a u t i c a l  miles.  
lead-type tu rn  i n  which the  t u r n  i s  i n i t i a t e d  a t  a designated s l a n t  range ahead 
of t he  s t a t i o n  decreased the  hor izonta l  a i rspace used t o  the  degree t h a t  heading 
changes up t o  47O could be a t t a i n e d  w i t h  bank angles as low as l 5 O  without 
exceeding one-half of t h e  airway width. 
t he  tu rns  also depended on t h e  type of t u r n  employed. In  general ,  t he  deviat ions 
i n  a l t i t u d e  during the  lead-type tu rns  were s i g n i f i c a n t l y  less than the  deviat ions 
during conventional-type tu rns .  P i l o t  workload during the  tu rns ,  as ind ica ted  by 
the  number of cont ro l  motions required,  w a s  s i g n i f i c a n t l y  l e s s  i n  lead-type tu rns  
than i n  conventional tu rns .  
loscope aided the  p i l o t  i n  f l a r i n g  onto t h e  desired new heading with l e s s  over- 
shooting or undershooting, decreased the  deviat ions i n  a l t i t u d e  during t h e  tu rns ,  
and reduced the  p i l o t  workload i n  the  tu rns .  

Use of a 

The v e r t i c a l  a i r space  u t i l i z e d  during 

Use of ground-track information presented on an o s c i l -  

INTRODUCTION 

For t he  c ru is ing  port ion of f l i g h t ,  p resent  cont inenta l  navigation for c i v i l  
j e t  t r a n s p o r t s  makes use of airways defined by a s e r i e s  of segments extending 
between ground-based rad io  f a c i l i t i e s  designated as VORTAC s t a t i o n s .  VORTAC 



s t a t i o n s  supply a i r c r a f t  with t h e  magnetic bearing t o  t h e  s t a t i o n  and s l a n t  range 
from the  s t a t i o n .  Each segment of t he  airway i s  thus defined by t h e  outbound 
bear ing from a given s t a t i o n  and t h e  inbound bear ing t o  the  next s t a t i o n .  I n  gen- 
e r a l ,  a t  each VORTAC s t a t i o n ,  a change i n  heading i s  required i n  proceeding along 
t h e  a i rvay .  However, a t  each s t a t i o n  t h e  cone of s i l ence  c rea t e s  a zone of ambi- 
gu i ty  i n  which e r r a t i c  i nd ica t ions  on t h e  heading, d i s tance ,  and to-from disp lays  
e x i s t .  Present  p i l o t i n g  p r a c t i c e  i s  t o  proceed on t h e  inbound heading pas t  t h e  
s t a t i o n  u n t i l  t h e  zone of ambiguity i s  c leared  before turn ing  t o  t h e  outbound 

~ 

i heading. 

Pro jec t ion  of t h e  use of t h e  present  navigat ion a i d s  and p i l o t i n g  technique 
t o  the  supersonic t r anspor t  i nd ica t e s ,  among seve ra l  foreseeable  d i f f i c u l t i e s ,  
t h e  problem of  a i r space  requi red  f o r  t h e  airway s t ruc tu re .  The turn ing  rad ius  
f o r  a bank angle of 30°, f o r  example, i s  g rea t e r  than 75 n a u t i c a l  miles a t  a Mach 
number of 3. The zone of ambiguity a t  supersonic- t ransport  c ru i s ing  a l t i t u d e s  can 
vary from about 5 t o  25 n a u t i c a l  miles i n  diameter depending on t h e  antenna design. 
The combined e f f e c t s  of l a r g e  turn ing  r a d i i  and l a rge  zones of ambiguity could 
thus  requi re  airways of l a rge  width compared with the  present  h igh-a l t i tude  a i r -  
way widths of 26 n a u t i c a l  miles .  

The purpose of the present  i nves t iga t ion  w a s  t o  study t h e  ho r i zon ta l  a i r -  
space requirements f o r  changes i n  heading of t h e  supersonic t r anspor t  a t  a VORTAC 
s t a t i o n  and t o  determine improved operat ing techniques t o  reduce both t h e  ho r i -  
zonta l  a i r space  requirements and t h e  p i l o t  workload. The s tud ie s  were made i n  a 
fixed-base s imulator .  Instrument f l i g h t  under manual con t ro l  a t  a Mach number of 
3.0 a t  67,000 f e e t  w a s  performed by NASA research p i l o t s .  Heading changes up t o  
45' f o r  bank angles  up t o  4 5 O  were used. Three p i l o t i n g  procedures f o r  executing 
t h e  heading change were inves t iga ted .  I n  add i t ion  t o  the  study of t h e  ho r i zon ta l  
a i r space  requirements, v e r t i c a l  devia t ions  from c ru i se  a l t i t u d e  during t h e  t u r n  
were inves t iga ted .  P i l o t  workload problems were noted by examination of t he  num- 
be r  of con t ro l  motions used. 

~ 

SYMBOLS 

a speed of sound i n  a i r ,  f t / s e c  

I b wing span, f t  
- 
C mean aerodynamic chord, f t  

C l  rolling-moment c o e f f i c i e n t ,  %/DS 
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‘ZBa = &,/as, 

~28, = &+r 

Cm pitching-moment coefficient, My/FSF 

C% = 

ems, = am/as, 

Cmq& = ac,/a(qqn) + ~ & ( z / m )  

Cn yawing-moment coefficient , M~/$s 

cnP = %&wv) 

‘nr = &n/a(rb/2V) 

Cnp = &n/ap 

cng, = ac,/agr 

CN normal-force coefficient, FN/G 

c&,, = &Nfaa 

cN6c = &,/as, 

CX longitudinal-force coefficient, Fx/m 

CY side-force coefficient, Fy/$ 

CYp = +P 

= acy/asr 
y%- 

C 

Ad 

FX 

maximum distance off course, nautical miles 

longitudinal force, positive forward, lb 
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s ide  force ,  p o s i t i v e  t o  r i g h t ,  l b  

normal force ,  p o s i t i v e  downward, l b  

acce lera t ion  due t o  grav i ty ,  32.2 f t / s ec2  

a l t i t u d e ,  f t  

mass moment of i n e r t i a  about body X-axis, s lug - f t  2 

mass moment of i n e r t i a  about body Y-axis, s lug- f t2  

mass moment of i n e r t i a  about body Z-axis, s lug- f t2  

s l a n t  range t o  VORTAC s t a t i o n  ( l ead  d i s t ance ) ,  n a u t i c a l  miles 

mass, s lugs 

Mach number, V / a  

r o l l i n g  moment, f t - l b  

p i t c h i n g  moment, f t - l b  

yawing moment, f t - l b  

angular v e l o c i t y  about body X-axis, radians/sec 

angular v e l o c i t y  about body Y-axis, radians/sec 

dynamic pressure,  FpV 1 2  , lb / sq  f t  

angular v e l o c i t y  about body Z-axis, radians/sec 

radius  of t u rn ,  

wing area ,  sq f t  

time, see 

t h r u s t ,  l b  

ve loc i ty  along f l i g h t  path,  f t / s e c  

ve loc i ty  along X-axis, f t / s e c  

ve loc i ty  along Y-axis, f t / s e c  

v2/g t a n  pI, n a u t i c a l  miles 



veloc i ty  along Z-axis, f t / s e c  

weight, l b  

longi tudina l  body ax i s  

l a t e r a l  body ax i s  

v e r t i c a l  body ax i s  

longi tudina l  i n e r t i a l  ( e a r t h )  ax i s  

l a t e r a l  i n e r t i a l  ( e a r t h )  ax i s  

v e r t i c a l  i n e r t i a l  ( e a r t h )  ax i s  

dis tance p a r a l l e l  t o  Xi-axis, n a u t i c a l  miles 

dis tance p a r a l l e l  t o  Yi-axis, n a u t i c a l  miles 

angle of a t t ack ,  Vz/V, radians 

angle of s i d e s l i p ,  Vy/V, radians 

a i l e r o n  def lec t ion ,  radians 

canard-surface def lec t ion ,  radians 

rudder def lec t ion ,  radians 

course angle e r ro r ,  y i / x i ,  radians 

Euler e leva t ion  angle,  radians 

mass dens i ty  of a i r ,  slugs/cu f t  

Euler roll angle,  radians 

Euler heading angle,  radians 

change i n  heading, radians 

Subscr ipt :  

opt optimum f o r  lead  or lead-scope tu rn  

A dot over a symbol ind ica t e s  d i f f e r e n t i a t i o n  with respect  t o  time. 
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APPARATUS AND METHOD 

The supersonic t ranspor t  w a s  simulated by a modified fixed-base f i g h t e r  cock- 
p i t  and analog computer arrangement. The general  arrangement of t he  cockpit i s  
shown i n  f igu re  1. The equipment i n  the  cockpit  included a s ing le  t h r o t t l e  con- 
t r o l ,  a sidearm con t ro l l e r  f o r  longi tudina l  and l a t e r a l  cont ro l ,  rudder pedals for 
d i rec t iona l  cont ro l ,  f l i g h t  and navigation instrumentation, and an osci l loscope 
used t o  present  a simple p i c t o r i a l  display.  The sidearm con t ro l l e r  w a s  used i n  

order  t o  provide room f o r  i n s t a l l a -  

t he  f l i g h t  and navigation instnunen- 
TABLE 1 t i o n  of t h e  osci l loscope.  Details of 

C H A R A C T E R I S T I C S  OF HYPOTHETICAL BWERSONIC THANSPORT 

W (,cruise conl i l t ion) ,  l b  . . . . . . . . . . . . . . . . . . . . . . .  ~00,ooo 

Ix, -1"g-ft- . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 x 10'1 

tation used are shown in 2. 
( l ' , W ) y 7 x  ( i i t h  T f t e r b u r n i n e ,  C N I S B  c o n d i t i o n )  . . . . . . . . . . . .  

I ~ ,  z l u r : - f t 2 .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  t: 106 ind ica ted  by grease penc i l  l i n e s  on 
Iz, Z l - G - f t C  10 x 10; 
s, 59 ft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ,I,J00 

0.40 The course heading change des i red  w a s  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  t h e  face of t he  osci l loscope as shown 

face with a high-persistence coating. 
cX . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  o.oo~i., - o.?jga;i The a c t u a l  t r a c k  followed by t h e  a i r -  

plane w a s  generated by s igna l s  from 

on the  face of t h e  osci l loscope by 

b , I t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ro i n  f igure  3. The osci l loscope had a - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C , f t  -2 ii 

Aerodynmic charscter i :  t i c s :  

cm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  c. C N m a  

C l p  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -0.111 t h e  analog computer and w a s  r e t a ined  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C f r  0.01 

Clg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -0.05 
C f 6 , . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.01 means of t h e  high-persistence 
cig,. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.02 coating. 
c.6. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.5 

C % m  -2.0 

Cnli . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.05 

c"g,. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -0.01 

cnp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.02 t a b l e  1. The phys ica l  cha rac t e r i s -  
cyg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 . 1  

cyp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -0.3 

c~~~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.05 type design. The values of t h e  
C N ~  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.385 damping-in-yaw and damping-in-pitch 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  The se lec ted  c h a r a c t e r i s t i c s  of 
t h e  supersonic t r anspor t  programed i n  

Cn, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -1.67 the are given in 

t i c s  represent  a delta-wing canard- 

C% . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -0.086 
parameters Cnr and CmqG are 

Contro l  c h a r a c t e r i s t i c s :  
Def lec t ion  range - 

Aileron ,  r a d i a n s  . . . .  
Canard surface, radians 
Rudder, r a d i a n s  . . . .  
(pb/ZV),,x, r a d i a n s  . . Power - 

augmented values required t o  provide 

condi t ions of c ru i s ing  f l ight a r e  

. . . . . . . . . . . . . . . . . . . . . .  3 . 4  

. . . . . . . . . . . . . . . . . . . . . .  i o . 5  

. . . . . . . . . . . . . . . . . . . . . .  0.07 

. . . . . . . . . . . . . . . . . . . . . .  M.04 s a t i s f a c t o r y  handling q u a l i t i e s .  The 

6+, rad ians /g  . . . . . . . . . . . . . . . . . . . . . . . . . .  o.0126 given i n  t a b l e  2. 

h .  f t  

TABLE 2 

C R U I S I N G  C O N D I T I O N S  

The six-degree-of-freedom equa- 
t i o n s  of motion used i n  t h e  analog 
computer programirig are given i n  t h e  
appendix. The c l a s s i c a l  equations 
have been s impl i f ied  by el iminat ion G7,000 

M . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
T/W ( w i t h  p a r t i a l  a f t e r b u r n i n g )  . . . . . . . . . . . . . . . . . . . .  C?i: Of certain aerodynamic coefficients 
5 ,  Ib/6q f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  686 and cross-coupling i n e r t i a  terms 
p ,  ft 
a , r a d i a n ~  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.069 whose e f f e c t s  have been shown t o  be 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  o.000161~ 

S,,trim, radians . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.012 
neg l ig ib l e  o r  of secondary importance 
( re f .  1). The conventional r e l a t i o n -  

sh ip  of t h e  a i r c r a f t  body axes, Euler  angles ,  and i n e r t i a l  axes w a s  used f o r  der- 
i v a t i o n  of these  equations ( f i g .  4 ) .  I n  addi t ion ,  because t h e  excursions i n  Mach 
number and angle  of a t t a c k  were expected t o  be small, t h e  aerodynamic coe f f i -  
c i e n t s ,  with t h e  exception of t h e  longi tudinal-force coe f f i c i en t ,  were assumed 

b 



Figure 1.- General arrangement of cockpit. L-61-3800 

Figure 2.- Flight and navigation instrumentation. L-61-4423.1 



Figure 3 . -  Schematic representation of method 
of indicating course-heading change 
desired on face of oscilloscope. 

/ " 

Figure 4.- Diagram of Euler angles ,  body 
axes, and inertial axes. 

i n v a r i a n t .  The longi tudinal-force coef- 
f i c i e n t  w a s  assumed t o  vary w i t h  tingle 
of a t t a c k  as i s  i nd ica t ed  i n  t a b l e  I. 
The angles of a t t ack ,  s i d e s l i p ,  and 
course e r r o r  were defined ( s e e  symbols 
sec t ion )  by using small angle approxi- 
mations. The t h r u s t  a x i s  w a s  assumed 
a l i n e d  with t h e  longi tudinal  body a x i s .  
The signals required t o  operate t h e  
f l i g h t  panel instruments were developed 
i n  t h e  analog computer. 

TEST PROCEWRE AND TESTS 

Each t e s t  run w a s  i n i t i a t e d  a t  a 
Mach number of 3.0 a t  an a l t i t u d e  of 
67,000 f e e t  on a no r the r ly  heading 
approximately 80 n a u t i c a l  miles due 
south of t h e  simulated VORTAC s t a t i o n .  
The p i l o t i n g  procedure w a s  t o  fly along 
t h e  180° rad ia l  t o  the s t a t i o n ,  make 
t h e  required heading change a t  a spec- 
i f i e d  bank angle,  and terminate t h e  run 
when t h e  a i rp l ane  w a s  s t a b i l i z e d  on t h e  
new course. Mach number and a l t i t u d e  
were maintained as close t o  t h e  i n i t l a l  
conditions as possible .  Heading guid- 
ance w a s  obtained from t h e  r ad io  
magnetic-compass mode of t h e  th ree -ax i s  
d i r e c t i o n a l  gyro instrument,  t h e  
course-director  instrument ( a  "f ly- to"  
i n d i c a t o r  using a n u l l  s i g n a l  t o  i n d i -  
ca t e  on course) ,  and t h e  p i c t o r i a l  d i s -  
p lay  generated on t h e  osci l loscope.  I n  
general ,  t h e  p i l o t  used t h e  leas t  sen- 
s i t i v e  response s e t t i n g  on t h e  course- 
d i r e c t o r  instrument when fa r  from t h e  
s t a t i o n ,  t h e  intermediate s e n s i t i v i t y  
a t  t h e  intermediate d i s t ances ,  and t h e  
g r e a t e s t  s e n s i t i v i t y  when near  t h e  
s t a t i o n .  

T e s t  runs were made f o r  heading 
changes of 5 O ,  l5', 30°, and 4 5 O .  
each heading change, bank angles of l?', 
30°, and 4 5 O  were used. 
changes were from t h e  no r th  toward t h e  
e a s t .  

For 

A l l  heading 

Seven p i l o t s  p a r t i c i p a t e d  i n  t h e  
program, with t h e  ind iv idua l  p a r t i c i p a t i n g  l e v e l  ( i nc lud ing  p r a c t i c e )  ranging 
from 5 t o  4 1  runs.  
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The spec i f ied  heading changes were made by using two d i f f e r e n t  t u rn  proce- 
dures.  Typical of present  p i l o t i n g  p rac t i ces ,  one set  of t u rns  was made by i n i t l a -  
t i o n  of the  tu rn  a f t e r  passing through t h e  zone of ambiguity. A second set  of 
t u rns  was made by i n i t i a t i o n  of t he  tu rn  a t  a predetermined s l a n t  range ahead of 
t he  s t a t i o n  ca lcu la ted  on the  bas i s  o€ t h e  speed, a l t i t ud t . ,  heading change, and 
bank angle by means of t he  following expression: 

The s l a n t  range ( l e a d  d is tance)  thus  ca lcu la ted  i s  f o r  a f l i g h t  path along an a r c  
of ;t c i r c l e  which w i l l  b r ing  the  a i r c r a f t  tangent t o  the  new heading. 
f i g .  5 . )  I n  order  t o  c l a s s i f y  t h e  type 
of t u rn  maneuver, t h e  t u r n  i n i t i a t e d  a t  
o r  p a s t  t he  s t a t i o n  w i l l  be r e fe r r ed  t o  
as a conventional tu rn ,  and the  tu rn  
i n i t i a t e d  ahead of  t h e  s t a t i o n  w i l l  be 
r e fe r r ed  t o  as a l ead  turn.  Since some 
of t he  l ead  tu rns  were made by using the  
osci l loscope t o  provide the  p i l o t  with 
ground-track information, t h i s  type of 
t u r n  w i l l  be r e fe r r ed  t o  as a lead-scope 
tu rn .  

(See 

n u 

3 

The zone of ambiguity over t h e  VORTAC 
s t a t i o n  w a s  simulated by causing e r r a t i c  -, 
ind ica t ions  on t h e  course-director  and 
s lant-range meters; these  e r r a t i c  ind ica-  
t i o n s  were generated by t h e  addi t ion  of a 
w h i t e  noise t o  the signals t o  these  
instruments. The zone of ambiguity was 
assumedto  have a diameter of 22 n a u t i c a l  
m i l e s  a t  t h e  c ru i se  a l t i t u d e ,  which i s  
representa t ive  of an antenna with a cone- 
of -s i lence  angle of 90°. During t h e  pas- 
sage through t h e  zone of ambiguity, t h e  
incremental  s igna l  required t o  n u l l  t h e  
course-director  needle on t h e  new course 
w a s  appl ied by the  operator .  

The ground t r a c k  of t h e  airplane 
during each run w a s  p l o t t e d  on a servo 
p l o t t i n g  board a t  a s ca l e  of 16.44 naut i -  
c a l  miles  t o  the  inch. Time-history t u r n  method. 
recordings of t he  quan t i t i e s  l i s t e d  i n  
table  3 were made on two multichannel 
d i rec t -wr i t ing  r e c t i l i n e a r  magnetic recorders  a t  t h e  s e n s i t i v i t i e s  given. 

Figure 5. -  Schematic representat ion of  
ca lcu la ted  flight paths  using lead-  
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T B L E  3 

QUANTITIES AND RECORDING SENSITIVITY 

Quan t i ty  Recording s e n s i t i v i t y  

a . . . . . . . . . . . . . . . . . . . . . . . . . . .  
B . . . . . . . . . . . . . . . . . . . . . . . . . . .  
6, . . . . . . . . . . . . . . . . . . . . . . . . . . .  
6 ,  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
6, . . . . . . . . . . . . . . . . . . . . . . . . . . .  
p . . . . . . . . . . . . . . . . . . . . . . . . . . .  
q . . . . . . . . . . . . . . . . . . . . . . . . . . .  
r . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A$ . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A! . . . . . . . . . . . . . . . . . . . . . . . . . . .  
E . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A(T/W) . . . . . . . . . . . . . . . . . . . . . . . . .  
F,/m . . . . . . . . . . . . . . . . . . . . . . . . . .  
Ab . . . . . . . . . . . . . . . . . . . . . . . . . . .  
# . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . .  

. . .  

. . .  

. . .  

. . .  

. . o  

. . 0.955 deg/mm . . 0.286 deg/m 

. . 0.076 deg/m 

. . 0.955 d e g / L  

. . 1.528 deg/mm 
100 r ad ian / sec /m 

. . 0.040 radian/sec(/mm 

. . 0.004 rad ian /sec /m 
8.22 n a u t i c a l  m i l e s / m  
. . . . . .  4.00 d e g / m  
. . . . . .  O . O 4 / m  
. . . . . .  5.73 deg/m . . . . . .  O.O02/mm 
. . . . . .  0.20 g / m  

. . . . . .  200 f t / m  

. . . . . .  4.00 deg/mm 

RESULTS AND DISCUSSION 

T m i c a l  Results 

Typical t i m e  h i s t o r i e s  of t h e  pe r t inen t  quan t i t i e s  recorded are given i n  f i g -  
ure  6 f o r  conventional, l ead ,  and lead-scope tu rns .  I l l u s t r a t i v e  ground-track 
p l o t s  f o r  t he  same type of t u rns  are given i n  f igu re  7. Comparison of t he  t i m e  
h i s t o r i e s  ( f i g .  6 )  i nd ica t e s  t h a t  t h e  l ead  and lead-scope tu rns  requi re  less t i m e  
than the  conventional t u rn  t o  complete t h e  t u r n ,  and requi re  fewer and smaller cor- 
r ec t ions  t o  t h e  i n i t i a l  change in 'heading i n  order  t o  complete the  required change 
i n  heading. Furthermore, comparison of t h e  ground-track p l o t s  ( f i g .  7 )  i nd ica t e s  
t h a t  t h e  l ead  and lead-scope tu rns  consume less  hor izonta l  a i r space  than t h e  con- 
vent iona l  t u rn .  

P i  l o t  Opinions 

Preference f o r  t h e  l ead  t u r n  over the conventional t u r n  wao voiced by t h e  
p i l o t s ,  p a r t i c u l a r l y  on t h e  b a s i s  of t h e  reduction i n  number of maneuvers required 
t o  make the  t u r n  and t h e  s impl i f i ca t ion  of t h e  maneuvers. The l ead  tu rn ,  f o r  
ins tance ,  b a s i c a l l y  requi res  only a r o l l  i n t o  t h e  t u r n  and a r o l l  out of t h e  tu rn .  
The conventional t u rn  i n  con t r a s t  b a s i c a l l y  requi res  a r o l l  i n t o  t h e  tu rn ,  a r o l l  
out on a cut-back course t o  approach the  des i red  course, a r o l l  i n t o  an opposite 
t u rn ,  and a roll out on course.  The coordination of these  var ious maneuvers i s  
d i f f i c u l t  with t h e  r e s u l t  t h a t  overshoots and undershoots and r e s u l t i n g  cor rec t ions  
occurred more f requent ly  and were of g rea t e r  magnitude f o r  t he  conventional t u rn  
than f o r  the l ead  tu rn .  With regard t o  the  lead-scope turns,  t h e  p i l o t  f e l t  t h a t  
having t h e  ground-track information on t h e  scope aided them considerably i n  f l a r i n g  
onto t h e  des i red  course with less  overshooting or  undershooting. 
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(a) Conventional turn. 

Zone of ornbiguty 

' O r  l 

I 

w i  n 

$- O: 
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L 1 - l . L l l  1 L U l i  I 
00 100 2 0 0  Mo 350 200 

Time from statton passage, sec 

Zone of ambiguity 
40 ~ 

Time from station passage, sec 

(b) Lead turn. (e) Lead-scope turn. 

Figure 6.- Typical time histories of changes in heading, altitude, and Mach number in turns. 
Aircraft control motions a l s o  shown. 
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140 GROUND TRACK 
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CJ VORTAC STATION 
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I 
I 
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/ 

Conventional Turn Lead Turn 1 Lead-Scope Turn 

Figure 7. -  Typical ground-track p l o t s  in 
tu rns .  I 

Airspace U t i l i z a t i o n  

Horizontal  a i rspace i n  tu rns . -  The 
maximum dis tance off  course Ad i s  shown 
p l o t t e d  aga ins t  heading change f o r  bank 
angles of 15O, 30°, and 45' i n  f igu re  8. 
Both experimental and ca lcu la ted  values 
a r e  given f o r  conventional, lead,  and 
lead-scope turns .  The experimental 
r e s u l t s  represent  t he  average value of 
severa l  t u rns  a t  the  spec i f ied  conditions,  
and the  average includes,  i n  general ,  
r e s u l t s  obtained with more than one p i l o t .  
The ca lcu la ted  r e s u l t s  were obtained by 
use of the  following expressions ( see  
f i g .  8 ) :  

Ad = R ( l  - cos A$) (conventional t u r n )  

The r e s u l t s  shown i n  f igu re  8 show 
good agreement i n  general  between the  
experimental and ca lcu la ted  values of t he  
maximum dis tance off  course, which would 
i n d i c a t e  t h a t  ca lcu la ted  values a r e  sat- 
i s f a c t o r y  ind ices  of t he  deviat ions from 

course during tu rns  f o r  supersonic f l i g h t  a t  high a l t i t u d e s .  The r e s u l t s  shown 
i n  f igu re  8 ( b )  a r e  f o r  both l e a d  and lead-scope tu rns  as no s ign i f i can t  e f f e c t  of 
using the  scope w a s  apparent.  The r e s u l t s  show la rge  reductions i n  t h e  maximum 
dis tance  of f  course f o r  t he  lead  and lead-scope tu rns  compared with t h e  conven- 
t i o n a l  t u rns ,  with the  g rea t e s t  reductions occurring f o r  t h e  l a r g e r  heading 
changes. Since the  airway width f o r  t h e  a l t i t u d e  range from 30,000 f e e t  t o  
75,000 f e e t  i s  26 n a u t i c a l  miles,  it appears t h a t  by use of e i t h e r  t he  lead  o r  
lead-scope t u r n  method, t he  deviat ion from the  center  l i n e  of t h e  course can be 
he ld  within the  airway width f o r  heading changes up t o  45O with bank angles as 
low as l5O. 
changes i n  heading as low as 2 3 O  with a bank angle of l5', and only by use of an 
excessive bank angle of 4 5 O  could a heading change of 45' be accomplished within 
the  airway width. 

h o r  t he  conventional t u rn ,  t he  airway boundary would be exceeded for 

Alt i tude  deviat ions i n  tu rns . -  The amount of time the  a i r c r a f t  exceeded 
200-foot increments i n  a l t i t u d e  from t h e  c ru ise  a l t i t u d e  during t h e  tu rns  i s  
shown i n  f igu re  9 .  The amount of time i s  expressed as a r a t i o  based on the  time 
t o  complete t h e  optimum l e a d  tu rn .  The r e s u l t s  represent  t he  t o t a l  time for both 
p o s i t i v e  and negative a l t i t u d e  deviat ions.  Results a r e  given f o r  conventional, 
l ead ,  and lead-scope tu rns  f o r  severa l  heading changes and severa l  bank angles.  
Each p l o t  includes the  r e s u l t s  f o r  a l l  p i l o t s  making the  p a r t i c u l a r  tu rn .  For t h e  
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( a )  Conventional tu rn .  ( b )  Lead and lead-scope turns .  

Figure 8.- Variat ion of maximum dis tance o f f  course with heading change for severa l  bank angles .  
Conventional, lead,  anti lead-scope turns. 

l e a d  tu rns ,  r e s u l t s  a r e  given both f o r  t u rns  using t h e  optimum or  near ly  optimum 
lead  dis tance and for t u rns  using shor t e r  or longer l e a d  dis tances  than the  
optimum . 

Examination of t h e  r e s u l t s  i n  figure 9 shows t h a t  even f o r  t u rns  using 
approximately the  optimum l e a d  d is tance ,  t h e  amount of time required t o  complete 
the  t u r n  w a s  o f ten  severa l  t i m e s  t he  optimum time. This r e s u l t  w a s  due t o  the  
f a c t  t h a t  t h e  tu rn  w a s  not considered complete u n t i l  the  a i rp lane  w a s  s t a b i l i z e d  
on course a t  t h e  cor rec t  a l t i t u d e  and Mach number, and t h i s  s t a b i l i z i n g  per iod 
a f t e r  t he  i n i t i a l  r o l l - o u t  from the  t u r n  took considerable time t o  e f f e c t .  

Comparison of t he  r e s u l t s  i n  f igu re  9 f o r  conventional, lead,  and lead-scope 
tu rns  i n d i c a t e s  t h a t ,  i n  general ,  t he  use of a lead o r  lead--scope t u r n  of approxi- 
mately the  o p t i m  lead  dis tance reduces t h e  amount of time a t  which each 200-foot 
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increment i n  a l t i t u d e  from c ru i se  a l t i t u d e  i s  exceedez, p a r t i c u l a r l y  f o r  t h e  
larger deviat ions i n  a l t i t u d e .  However, i n  general ,  t he  u;e O S  a le:& d?:,,tmcc 
o the r  than optimum r e s u l t s  i n  a somewhat l a r g e r  amount of  time a t  d i c h  e ich  alti- 
tude increment i s  exceeded than t h a t  of t h e  conventional t u rn .  

~ 

b , j  I .  

For both conventional and l e a d  t u r n s ,  t h e  general  detrimental  e f f e c t  on a l t i -  
tude con t ro l  of t h e  use of too  high a bank :angle, p a r t i c u l a r l y  f o r  the  srn:tller 
changes i n  heading, can be seen by comparison of t h e  results i n  f i gu re  3 for the 
two bank angles f o r  each heading change. Recognition by t h e  p i l o t s  of t h e  t ie t r i -  
mental e f f e c t s  on airspace u t i l i z a t i o n  or  on t h e i r  a b i l i t y  t o  con t ro l  t h e  t u r n  due 
t o  t h e  use of t o o  high o r  too low a bank angle f o r  a des i r ed  change i n  hmding  l e d  
t o  t h e  omission from t h e  program of changes i n  heading of > O ,  l>', and jOo .it 
bank angle of 4 5 O  and t h e  omission of a change i n  heading of 45' a t  a bank :ingle 
of 15O. 

Results f o r  lead-scope t u r n s  a r e  given i n  f i g u r e  9 only f o r  AI) = jOo and 
A4 = 45' 
was not p a r t i c u l a r l y  u s e f u l  f o r  small changes i n  heading. The l i m i t e d  r e s u l t s  
obtained by using t h e  osci l loscope i n d i c a t e  improvement i n  t h e  a b i l i t y  of t h e  
p i l o t s  t o  maintain a l t i t u d e  when using t h i s  equipment. I n  add i t ion ,  as ind ica t ed  
previously,  t h e  p i l o t s  expressed a preference f o r  having such ground-track i n f o r -  
mation f o r  ease i n  e s t a b l i s h i n g  t h e  new heading. 

( a t  @ = 30°) as it w a s  determined i n  a f e w  t e s t s  t h a t  t h e  osci l losccpe 
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Figure 10.- A.er:ige t o t : t l  limber of cont ro l  motions i n  makin[; conxentional, lead, a i ~ d  lead- 
scope tu rns .  P i l o t s  A,  B, and E. 
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P i l o t  Workload 

I n  order  t o  ind ica t e  t h e  r e l a t i v e  workload l e v e l  f o r  t he  p i l o t  i n  making t h e  
tu rns ,  t he  t o t a l  number of con t ro l  motions ( a i l e r o n  p lus  canard) was determined 
f o r  each turn .  I n  t h i s  analysis,  a cont ro l  motion w a s  cors idered t o  be si movement 
of t h e  con t ro l  t o  a new l e v e l ,  which w a s  held f o r  a s ign i f i can t  amount uf' t ime, or  
a movement of t he  con t ro l  t o  a poin t  of cont ro l  r eve r sa l .  For each p i l o t ,  t h e  
t o t a l  number of cont ro l  motions used i n  making tu rns  of a given heading change 
and bank angle w a s  averaged. The r e s u l t s  of t h e  average t o t a l  number of cont ro l  
motions f o r  t he  th ree  p i l o t s  with t h e  highest  t o t a l  trime a r e  given i n  f igu re  10 
f o r  conventional, l ead ,  and lead-scope turns .  It i s  i n t e r e s t i n g  t o  note t h e  d i f -  
ferences between p i l o t s .  P i l o t  E genera l ly  used t h e  l e a s t  number of motions; 
p i l o t  B, a l a r g e r  number; and p i l o t  A ,  t h e  g rea t e s t  number. However, t h e  a o s t  
s i g n i f i c a n t  f a c t  of t h i s  ana lys i s  i s  t h e  ind ica t ion  f o r  a l l  t h ree  p i l o t s  of a 
general  decrease i n  t h e  p i l o t  workload f o r  t he  lead  tu rns  over t h a t  f o r  t h e  con- 
vent iona l  t u rns  and the  f u r t h e r  general  decrease i n  p i l o t  workload e f f ec t ed  by 
use of t h e  osci l loscope.  

SUMMARY OF RESULTS 

The r e s u l t s  of f ixed-base-simulator t e s t s  of t h e  a i r space  u t i l i z e d  during 
changes i n  heading a t  a VORTAC s t a t i o n  of a supersonic t r anspor t  c ru i s ing  a t  a 
Mach number of 3.0 under manual con t ro l  are as follows: 

1. The ho r i zon ta l  a i r space  u t i l i z e d  depended g rea t ly  on t h e  type of t u r n  
employed. With t h e  conventional method of i n i t i a t i n g  t h e  t u r n  a f t e r  passing 
through t h e  zone of ambiguity over t h e  VORTAC s t a t i o n ,  heading changes of 45' 
required bank angles of 4 5 O  o r  g rea t e r  (considered excessive f o r  commercial t r ans -  
p o r t  operat ions)  t o  keep t h e  f l i g h t  pa th  within one-half of t h e  present  high- 
a l t i t u d e  airway width of 26 n a u t i c a l  mile: : .  
t u r n  i s  i n i t i a t e d  a t  a designated s l a n t  range ahead of t he  s t a t i o n  decreased the  
hor izonta l  a i r space  used t o  t h e  degree t h a t  heading changes up t o  4 5 O  could be 
a t t a i n e d  wi th  bank angles a s  low a s  15O Kithout exceeding one-half of t h e  airway 
width . 

Use of a lead-type tu rn  i n  which t h e  

2. The v e r t i c a l  a i r space  u t i l i z e d  during t h e  tu rns  also depended on t h e  type 
of t u rn  employed. I n  general ,  t he  deviat ions i n  a l t i tude  during the  lead-type 
tu rns  were s i g n i f i c a n t l y  l e s s  than the  deviat ions during conventional-type tu rns .  

3. P i l o t  workload during t h e  tu rns  as ind ica t ed  by the  number of con t ro l  
motions required,  w a s  s i g n i f i c a n t l y  less i n  lead-type tu rns  than i n  conventional 
t u rns .  



4. Use of ground-track information presented on an osci l loscope aided t h e  
p i l o t  i n  f l a r i n g  onto t h e  des i red  new heading with less  overshooting o r  under- 
shooting, decreased t h e  deviat ions i n  a l t i t u d e  during the  tu rns ,  and reduced t h e  
p i l o t  workload i n  t h e  turns .  

I Langley Research Center, 

I 
National Aeronautics and Space Administration, 

Langley S ta t ion ,  Hampton, V a . ,  June 26, 1963. 
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EQUATIONS OF MOTION 

The six-degree-of-freedom equations of motion used i n  the  analog computer 
programing are given below. These equations a r e  based on body axes and, i n  addi- 
t i o n  t o  the  assumptions ind ica ted  i n  t he  sect ion e n t i t l e d  "Apparatus and Method," 
include the  following addi t iona l  assumptions: 

(1) The curvature of t he  e a r t h ' s  surface and the  t r a n s l a t i o n  of the  ea r th  i n  
space a r e  neglected.  

( 2 )  The r e l a t i v e  motion between the  ea r th  and i t s  atmosphere i s  assumed t o  
be zero. 

(3) The airframe i s  regarded as a r i g i d  body. 

( 4 )  The mass, moments of i n e r t i a ,  and products of i n e r t i a  a r e  time invar ian t .  
A f i x e d  center  of grav i ty  i s  assumed. 

( 5 )  The X and Z body axes def ine a plane about which the  a i r c r a f t  i s  
symmetrical. 

The d e f i n i t i o n  of t he  Euler angles descr ibing t h e  o r i e n t a t i o n  of  t h e  body 
axes i n  space, i n  terms of the  angular v e l o c i t i e s  of t he  a i r c r a f t  about t he  body 
axes, and the  equations def ining the  transformation of body-axis ve loc i ty  com- 
ponents t o  i n e r t i a l - a x i s  ve loc i ty  components a r e  a l s o  given below. 

Equations of Motion 

irz = g cos e cos # - qs/m) c N , ~  + CN - VYP + vxq (- 



Euler-Angle Defini t ions i n  Terms of Angular Ve loc i t i e s  

About Body Axes 

6 = q cos # - r s i n  # 

q s i n  # + r cos 6 
J I =  

C O S  e 

Transformation of Body-Axis Velocity Components t o  

Ine r t i a l -Ax i s  Velocity Components 

vXi  = VX cos e cos JI + ~ y ( s i n  # s i n  e cos JI - cos @ s i n  q )  

+ VZ(sin fi s i n  q + cos # cos JI s i n  e )  

vyi = vX cos e s i n  JI + vY(cos # cos q + s i n  # s i n  e s i n  J I )  

+ vZ(cos fi s i n  e s i n  - s i n  # cos J I )  

vZi = -vX s i n  e + VY s i n  # cos e + VZ cos # cos 0 

20 



REFERENCE 

1. Connelly, Mark E . :  Simulation of A i rc ra f t .  Tech. Rep. NAVTRADEVCEN 7991-R-1, 
U.S. Naval Training Device Center (Port Washington, N . Y . ) ,  Feb. 1958. 
(Reprinted May 1959.) 

NASA-Langley, 1963 L-3433 21 


